“Express” smooth pursuit  by Merrison, A.F.A. & Carpenter, R.H.S.
Pergamon 0042-6989(94)00247-9 
Vision Res. Vol. 35, No. 10, pp. 1459-1462, 1995 
Copyright © 1995 Elsevier Science Ltd 
Printed in Great Britain. All rights reserved 
0042-6989/95 $9.50 + 0.00 
Short Communication 
"Express" Smooth Pursuit 
A. F. A. MERRISON,* R. H. S. CARPENTER* 
Received 10 August 1993; in revised form 16 September 1994 
For the majority of human smooth pursuit eye movements made to a horizontal ramp target of 
unpredictable direction, the reciprocal of the latency appears to have a Gaussian distribution of the 
same general form as for saccades to step targets, but with smaller median. There are more latencies 
shorter than some 100 msec than would be expected from such a distribution: they form a distinct 
population ("express smooth pursuit responses") whose distribution is similar to that of express 
saccades. They still occur in the absence of a cue, when the target is unpredictable. 
Eye movement Express Latency Smooth pursuit 
INTRODUCTION 
Saccadic eye movements are preceded by a latent period 
which, though highly variable, shows a statistical distri- 
bution that can be characterized with considerable accu- 
racy if a sufficient number of trials are used. Although 
skewed, with a tail extending to longer latencies, these 
distributions approximate to normal if plotted as a 
function of reciprocal latency, as may be demonstrated 
by cumulative plots using a probit frequency scale and 
reciprocal time-axis (Carpenter, 1988), when the ma- 
jority (more than 90%) normally fall on a straight line. 
However, in many circumstances there are more of the 
faster saccades than would be expected from this distri- 
bution, and they form an obvious sub-population lying 
on a different straight line of shallower slope and 
therefore of greater variance (Carpenter, 1994), inter- 
secting the main distribution at a latency of around 
140-180 msec (Fig. 1), and the infinite-time axis at 50%. 
A simple model, with two similar parallel processes with 
differing parameters can provide an accurate fit to the 
two distributions. It is tempting to identify the sub- 
population of fast responses with the "express" saccades 
described by Fischer and others (Fischer & Boch, 1983; 
Fischer & Ramsperger, 1984; Boch & Fischer, 1986; 
Jfittner & Wolf, 1992), probably also via a parallel 
pathway through the superior colliculus (Wurtz & 
Albano, 1980; Schiller, Sandell & Maunsell, 1987; 
Munoz & Wurtz, 1992), perhaps acting in conjunction 
with striate cortex (Boch, 1988; Fischer & Boch, 1991). 
Smooth pursuit is generally held to be a more complex 
process than saccades, at least in that it appears to 
involve an internal construct of target motion and is 
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capable of sophisticated and rather rapid adaptive be- 
haviour (Atkin, 1969; Bahill, Iandalo & Troost, 1980; 
Bahill & McDonald, 1981, 1983; Barnes & Asselman, 
1991). In part, perhaps because its primary input is of 
target velocity rather than position, its afferent and 
central neural pathways are on the whole somewhat 
distinct from those for saccades, though in both cases 
one can discern parallel routes, including the superior 
colliculus, by which visual information can enter the 
system (Eckmiller, 1987). It seemed to us therefore that 
it would be useful to establish whether some phenom- 
enon analogous to express accades might be observed 
in the case of ocular pursuit. 
METHODS 
The subject, with head immobilized on a bite-bar, 
viewed with the left eye covered a target spot on the 
screen of a Tektronix 5103N oscilloscope at a distance 
of 0.5m, through a beam splitter that provided a 
uniform background of 4.4 cd/m 2 matched to the green 
colour of the oscilloscope phosphor. At the start of a 
trial the spot remained stationary in the centre of the 
field, then after a random delay uniformly distributed 
between 0.5 and 1.5 sec it was driven at a constant 
angular velocity of 8.3 deg/sec randomly to the left or 
right until it finally disappeared off the edge of the 
screen, at 7.3 deg from the centre. 
The subjects (RHSC, male, age 47; AFAM, female, 
21; JCW, male, 21) were instructed to follow the spot at 
all times with their eyes. The movements of the viewing 
eye were measured using an infra-red eye-movement 
transducer (Carpenter, 1988) with a bandwidth of 1 kHz 
and an intrinsic noise level equivalent to less than 2 min 
arc. A computer-based physiological data acquisition 
system (EPIC), performing 12-bit conversions at 10 kHz 
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F IGURE I. Cumulat ive  histograms of saccadic latency plotted on a 
reciprocal time scale, for human saccades in response to an uncued 
target displacement. The cumulative probability is shown on a probit 
scale; i.e. such that a Gaussian frequency distribution will result in a 
straight line. • Authors' data (subject RHSC, normal step, 1010 
trials); O data of B. Fischer (200 msec overlap, 100 trials) from Becker 
(1991). 
subsequently combined to form 2 msec samples, was 
used to record the movements, present he stimuli and 
subsequently to measure and analyse the latencies. 
In cued trials, a loudspeaker click was generated 
160 msec before the start of the spot movement. One 
experimental run consisted of a sequence of 300 uncued 
trials, with a short rest in the middle, then a longer rest 
and a similar sequence of 300 cued trials. Before the run, 
the subject viewed the illuminated field for a period long 
enough to ensure a stable adaptational state. 
RESULTS 
Latencies of the start of the smooth pursuit of the 
target were measured as the interval between the onset 
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FIGURE 2. Five records of short-latency smooth pursuit by a single 
subject of an 8.3 deg/sec ramp that started at time zero; the arrows 
mark the points taken as representing the start of the response in
each case. 
of the target ramp and the start (Fig. 2) of the smooth 
ocular response. Though the start of a smooth move- 
ment of this kind is not as clear-cut as that of a saccade, 
nevertheless responses could be assigned sufficiently 
repeatably to the relatively wide (10 msec) bins for the 
histogram; many data-sets were re-measured by a second 
operator, who always assigned the latency to the same 
bin or an adjacent one. Trials for which the beginning 
of smooth pursuit was not clear, through head- 
movement, excessive drift or blinks, were discarded, as 
were a small number of trials (around 2% for uncued 
trials, 4% for cued) in which the initial pursuit was in the 
wrong direction. Pursuit latency distributions were plot- 
ted cumulatively on a probit scale as a function of 
reciprocal atency. Figure 3 shows the distributions of 
cued and uncued latencies plotted in this way for each 
of the subjects. The lines are drawn by eye, and are not 
intended to carry any quantitative significance: there is 
no satisfactory procedure for carrying out the dual linear 
fit required when, as is characteristic of cumulative 
distributions, the weighting of each data point is a 
variable, and each point is also to some extent dependent 
on its neighbours. 
DISCUSSION 
As is the case for saccades (Carpenter, 1981) and for 
the intervals between quick phases of optokinetic nystag- 
mus (Carpenter, 1993), the population of latencies of 
smooth pursuit movements of longer latency demon- 
strate a distribution that may be described satisfactorily 
by a Gaussian function after reciprocal transformation 
of the time-axis. This Gaussian distribution of reciprocal 
latency appears to be a rather widespread phenomenon, 
not limited to the oculomotor system, and can be 
explained in terms of the linear rise to threshold of a 
ramp signal, the slope of which is subject to Gaussian 
perturbation (Carpenter, 1981). Some 70% of smooth 
responses, with latencies greater than 100 msec or so, fall 
on such a line; its median is some 50 msec faster than for 
saccadic responses to a step under comparable con- 
ditions, but its slope (representing the variance of the 
underlying random process) is comparable. This re- 
duction in latency may well reflect he lesser complexity 
of coding velocity as opposed to position information by 
the visual system. One consequence is an increased 
probability of occurrence of express mooth pursuit as 
compared to express accades. 
It is clear from Fig. 3 that there are more fast re- 
sponses than would be expected if all responses obeyed 
a Gaussian distribution of reciprocal latency. Previous 
authors have noted fast responses to ramp targets 
(Miles, Kawano & Optican, 1986; Carl & Gellman, 
1987) or predictable step-ramp targets (Ohashi & 
Barnes, 1993); but what is now evident is that these 
shorter latency responses form a separate population, 
which, although it overlaps the main branch of the 
distribution [as is the case for saccades (Wenban-Smith 
& Findlay, 1991)], obeys a distinct distributional law. 
These "express" responses also appear to fall on a 
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9o.a other a similar mechanism with zero mean and a larger 
variance. It is tempting to identify the latter with a 9o 
relatively direct route via the superior colliculus. How- 
9o ever, while it appears that the latencies of  the fast 
sub-population of  saccades and of smooth pursuit 
r0 responses follow very similar distributional laws, it 
5o is not so obvious that these are indeed identical to 
30 conventional "express" saccades. What constitutes an 
10 "express" saccade, and what form their statistical distri- 
bution takes, are still matters of  controversy 
(Kalesnykas & Hallett, 1987; Wenban-Smith & Findlay, 
1991), perhaps partly because xperimenters have tended 
to use raw histograms rather than the cumulative ones 
that are analytically so much more tractable, and the 
data presented here are not intended to be a contribution 
to that controversy. For instance, the 2% of uncued and 
9o.9 4% of  cued trials in which the response went initially in 
9o the wrong direction and might therefore be regarded as 
non-visual anticipations would suggest that at least 
so some--perhaps a similar p ropor t ion - -o f  the data in 
Fig. 3 fall in the same category. The data sets used here 
r0 are too small to determine whether the fast sub- 
so population that is observed might itself be broken down 
30 in this or some other way, and analysis of  this kind was 
10 in any case not the aim of the experiments: we do not 
claim more than to demonstrate the similarity of the 
saccadic and pursuit latency distributions. For two 
subjects the effect of  the auditory cue was to increase the 
relative size of  the "express" sub-population, without 
noticeably affecting the main distribution; for the third 
subject it was the other way round. At all events it is 
clear that here, as for saccades (Boch & Fischer, 1986), 
9o.9 "express" responses can still be observed even in the 
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FIGURE 3. Cumulative histograms, as in Fig. 1, of smooth pursuit 
latency for cued (O) and uncued (O) trials for each of three subjects: 
(a) RHSC; (b) AFAM; (c) JCW. Each set of points represents 300 
trials. The straight lines are drawn by eye. 
straight line, but it is considerably shallower and gener- 
ally passes through the point corresponding to 50% at 
infinite time; both these attributes are equally true o f  the 
fast saccade sub-population when plotted in this way 
(see Fig. 1). As with saccades, we seem to have two 
processes acting in parallel. One, corresponding to the 
main branch, could be generated by a linear rise to 
threshold at a positive mean rate and small variance, the 
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